As the use of warm and cold asphalt mixing technologies provides an opportunity to save energy during production, it is important to determine if this lower mixing temperature also has a long-term effect on the binder chemical and rheological properties and performance. In this study, a link between the chemistry and rheology of bituminous binders with a focus on short-term aging temperature is proposed. This link is made using a rheological aging index (RAI), the crossover temperature and a chemical aging index (CAI). The RAI is calculated using the difference in the integration areas under shear modulus master curves generated from Dynamic Shear Rheometer (DSR) data on unaged and aged bitumen. The cross over temperature is defined as that when the material transitions from elastic to viscous behaviour. The CAI is obtained from Fouriertransform infrared spectroscopy (FTIR) measurements by combining the carbonyl and sulfoxide indices. In addition, the effect of aging on the molecular size distribution of the binders was evaluated using Gel Permeation Chromatography (GPC). Two asphalt binders from two sources at two RTFOT aging temperatures
Introduction and motivation
Bituminous binders age during their service life. This is due to different processes such as oxidation and changes in molecular organisation. [1] [2] [3] [4] There are primarily two stages to aging of asphalt concrete: short-term aging that occurs during the fabrication process in the asphalt mixing plant and long-term aging that occurs during the pavement's service life. The aging process affects the mechanical performance negatively in terms of cracking and fatigue resistances and ideally reducing or retarding the aging process is desired. Understanding the behaviour of the material aer it goes through the aging process is important as long-term performance and durability is a priority in designing this construction material. Bitumen aging can be characterised chemically and physically. The chemical characterisation of aging due to oxidation has been successfully done using Fourier Transform Infrared Spectroscopy (FTIR). Oxidative aging results in an increase in the carbonyl and sulfoxide indexes. 4, 5 Furthermore, the aging manifests itself into stiffening and more elastic behaviour, thus increased brittleness of the binder. This aspect can be characterised using rheological tests such as with the dynamic shear rheometer (DSR). 6 Loeber et al. 7 have shown that temperature has a strong inuence on the rheological properties of bitumen governed by the individual constituents, which can change with aging. It remains to be seen if manufacturing temperature has a direct effect on the short and long term aging of bitumen. Therefore, the question remains whether or not the warm mix technologies that reduce mixing temperatures, have a positive effect on bitumen properties aer long-term aging. However, current research results addressing the lower production temperatures, which lead to less oxidation during short-term ageing and also affect long-term ageing of binders and asphalt mixtures are not conclusive. 8 Combining the chemical characteristics as a result of aging with the physical ones can provide a better understanding of the aging process.
9,10
As the use of warm and cold mixing technologies provides an opportunity to save energy and reduce emissions during production, 11 the goal of this research was to determine if this lower mixing temperature also has an effect on long term performance of the binders. As part of this inter-laboratory study the analysis of conventional properties with penetration value at 25 C and soening point temperature has shown a difference in properties aer short term aging with different short-term ageing temperatures. This difference vanishes for the penetration value and to a lesser degree for the soening point temperature aer long-term laboratory ageing. 13 As opposed to conventional properties, rheological analyses allow investigations into the properties over a wide range of temperatures and frequencies and thereby allowing a more holistic evaluation of the materials' behaviour. To this end, the development of complex shear modulus and phase angle conrm initial trends from the conventional properties of penetration and soening point. The results showed, a more signicant increase in complex modulus at higher testing temperatures, corresponding to low frequencies. Aer long-term aging a signicant reduction in the phase angle was seen. The overall results showed that lower short-term ageing temperatures have a lower impact on binder properties. However, aer long term ageing, the differences in properties seen for short-term ageing vanish.
12,13
The goal of this study was to understand the effect of warm mix technologies on aging, in order to contribute to better understanding of the overall benets of warm mix technologies. Specically, to investigate the long term effect of short term aging temperature by linking the chemistry to the physical properties of bituminous binders. To this end, a rheological aging index (RAI) based on differences in integration areas under master curves of unaged and aged bitumen from DSR was used. 15 The cross-over parameters were also used to characterise the aging affect, these parameters on both temperature and shear complex modulus indicates the transition between a more predominantly elastic behaviour and more predominantly viscous behaviour. 16, 17 In addition, a chemical aging index (CAI) is used by combining the carbonyl and sulfoxide indices.
14 This is part of the results of an inter-laboratory study with 12 participating laboratories on four binders from four different crude sources. The current paper focuses on data from one laboratory, two binders and two temperatures; 123 C and 163 C. Additional results addressing other aspects of the this research can be found in previous publications.
12,13,19-21
Materials
In the wider scope of the inter-laboratory study four 70/100 pen bituminous binders, from different sources were used. These were labelled B501, B502, B503, and B504. Through preliminary technological tests such as penetration and soening point, two families of binders were identied. This paper reports on the results of binders B502 and B504 as representative of these two families of binders. In addition, suffixes, B_Temp and C_Temp are used to give information on the state of ageing condition; original, aer RTFOT, and aer RTFOT + PAV, and the ageing temperature (Temp) as detailed in the following section.
Methods
The binders were rst short-term aged with the rolling thin lm oven test (RTFOT) 23 (state of aging B) at two different temperatures (Temp), 163 C and 123 C, corresponding to the following suffix labelling, B_163 and B_123, respectively. Next, the same binders were additionally long-term aged with the Pressure Ageing Vessel (PAV) 24, 33 (state of aging C) and further identied with suffixes C_163 and C_123. The virgin, short-term and long-term aged samples were rheologically and chemically characterised. For the rheological testing, the DSR was used, 22 Fourier-transform infrared spectroscopy (FTIR) was selected to evaluate ageing from a chemical viewpoint. 4, 5, 18 In addition, conventional material characterisation techniques, such as penetration value at 25 C and soening point temperature were used according to European Standards 25,26 as well as gel permeation chromatography. 27 
Aging
Short-term ageing was simulated using the rolling thin lm oven test RTFOT following the European standard. 23 In this study, the test was carried out for 75 min and at two different temperatures 163
C and 123 C which covers temperatures commonly used for hot and warm applications.
28,29
Long-term ageing was simulated using the Pressure Ageing Vessel (PAV) test. 24 This procedure is conventionally assumed to reproduce the ageing occurring during the pavement service life. In this study, the test was carried out in accordance with EN 14769 aer RTFOT with the above mentioned two temperatures. Samples were tested at a temperature of 100 C and an air pressure of 2.1 MPa for 20 hours.
DSR

22 was used to obtain the rheological properties of the asphalt binders aer being subjected to the different aging conditions. Amplitude sweep tests were initially performed to determine the strain level to be imposed during the temperature-frequency sweep tests in order to remain within the linear viscoelastic domain. Complex shear modulus |G*| and phase angle d, were measured over a wide range of temperatures and frequencies. A parallel-plate geometry with an 8 mm diameter and 2 mm gap was used for temperatures between À10 C and +30 C (with imposed controlled strain of 0.1%) while a 25 mm diameter and 1 mm gap was selected for temperatures between +30 C to +80 C (at controlled strain of 1%). Tests were conducted with temperature steps of 10 C and a frequency sweep from 0.1 Hz to 10 Hz at each temperature. A minimum of two replicates (up to a maximum of ve) per testing condition was used during the experimentation. Christensen-Anderson-Marasteanu (CAM) model 30, 31 was used to generate the master curves for complex modulus, |G*|, and phase angle, d:
where, f is the frequency (Hz); f c is the location parameter; a T is the horizontal shi factor at temperature T 0 , G N is the glassy shear modulus when frequency tends to innity; k, m e are dimensionless shape parameter. Shi factors, a T , were derived from the well-known Williams-Landel-Ferry (WLF) expression 32 using the time temperature superposition principle:
where, T 0 is the reference temperature equal to 20
C in the present paper; c 1 is a constant; c 2 is a temperature constant.
2. 1 Rheological aging index (RAI).
As can be seen from a representative master curve shown in Fig. 1 , the behaviour of the binder is temperature and frequency dependent. Following the method developed by Cavalli et al. 15 a rheological ageing index (RAI) was dened to incorporate the changes over a large frequency range by calculating the difference between the area under the aged and unaged master curves within a denite range of reduced frequencies chosen to ensure that the same integral limits for all calculations according to equation 4 is used. Hence, the following equation holds:
where |G*| is the complex modulus and x is the logarithm of the reduced frequency between the integral limits. Thus, the result of the integral, which is the area between the two master curves in double logarithmic scale, was subsequently calculated, as shown in the example of Fig. 1 .
GPC
Gel permeation chromatography (GPC) is a technique to separate macro-molecules from each other and thereby it is a powerful tool to analyse the size of the molecules in a substance. In the scope of this work GPC was used to determine the length of the bitumen polymer chains and thereby determine whether any chemical reaction took place during the aging process. The experimental procedure is as follows. The sample is dissolved in a suitable organic solvent, in this case THF. The resulting emulsion is then poured through a lter-like device, called the column, to the detector where the data is recorded. The column consists of a gel containing stacked multi-porous polymers that act as a lter. The porous gel network contains holes of different diameter. The smaller particles can go through the gel pores while larger particles cannot. Thus, the smaller particles must traverse a larger volume and therefore elute later. The large molecules cannot enter the gel and elute earlier. The output is attained through the UV detector in this case measuring a signal which is proportional to the concentration of the elute. The device is calibrated using a calibration substance. ; GPC column: 1Â Agilent PL 5M-mixed C Guard, 5 mm, 50 Â 7.5 mm; 2Â Agilent PL 5M-mixed C, 5 mm, 300 Â 7.5 Fig. 1 Principle of the aging index calculated using the area between the aged and unaged master curve at a reference temperature of 20 C. 3.4.1 Chemical aging index. The sum of both indices (ICO + ISO) was used to determine the chemical aging index (CAI) before and aer aging as previously proposed.
Asphalt binder
14 Thus, the chemical aging index is dened as:
4. Results
Physical properties
The technological test results of penetration and soening point for binders B502 and B504 in virgin state and aer short term and long term aging are reported in Table 1 . It can be seen that the difference in penetration and soening point between the two binders seen in virgin state vanishes aer long term aging.
The tting parameters of the CAM model (eqn (1) and (2)) and WLF (eqn (3)) for asphalt binder B502 and B504 are calculated and shown in Table 2 .
Master curves of |G*| vs. reduced frequency were built using these models. The results at a reference temperature of 20 C for binder B502 and B504 in virgin state, aer RTFOT with 123 C and 163 C and aer RTFOT and consequent PAV aging are shown in Fig. 2 and 3 , respectively. It can be seen that the norm of the complex modulus |G*| increases aer RTFOT aging, with aging temperature of 163 C having a larger inuence on the increase of |G*|. This increase is signicantly higher in comparison to the virgin binder and depends on the bitumen source. Considering a reference temperature of 20 C and a conventional frequency f ¼ 1.59 Hz, (10 rad s À1 ) it can be observed that such a stiffening effect for binder B502 with the RTFOT temperature of 163 C is 65% and, in the case of RTFOT temperature of 123 C, 21%. This shows that RTFOT temperature has an impact on the complex modulus. Aer subsequent PAV aging the difference is less signicant 250% vs. 211% respectively. A similar trend is seen with binder B504 with a corresponding increase in |G*| in comparison to virgin state of 56% and 15% at 163 C and 123 C, respectively for shortterm aging with RTFOT. This corresponds to an increase of shear modulus of 247% and 163% aer long-term aging with PAV. The results show that depending on the binder source aging sensitivity can differ signicantly. Comparing Fig. 2 and 3 it becomes immediately apparent that the temperature (or aging) sensitivity is very much dependent on the frequency considered therefore if one uses a single frequency as sometimes practiced for comparison of binders, then the total picture can be missed. For example the highest difference is seen in the low frequency/high temperature domain, whereas the difference in the moduli vanishes at the high frequency/low temperature domain. For exactly this reason a wide range of frequencies and temperatures are used in the calculation of the RAI, and therefore the area difference under the master curves. The difference is apparent to the naked eye even without any calculations as the curves are spread apart in the case of B502 Fig. 2 and closer in the case of B504 Fig. 3 . Using the area under the master curves, an aging index (RAI) was dened as outlined in the previous section. This aging index quanties the change in the rheological properties of the binder over a wide spectrum of frequencies and temperatures. In the present study, as shown in eqn (4), the integration variable, and therefore the reduced frequency range, is between À5.5 and +1.8. Tables 3 and 4 report the RAI calculated for binders B502 and B504, respectively. It can be observed that the RTFOT aging temperature has a signicant effect on the rheological aging of the binders. For example, in case of B502 this effect can be seen when comparing RAI of 6.86 Â 10 6 when RTFOT temperature of 163 C is used vs. In addition to RAI, the crossover temperature was computed for the entire set of binders under the ve different aging conditions. Storage modulus (G 0 ) and the loss modulus 91.0 Fig. 4 Cross over temperature of B502 and B504 at various aging states. (G 00 ) can be plotted vs. temperature at one frequency. At low temperatures the material is more elastic therefore G 0 > G 00 . As the temperature increases at phase angle of 45 G 0 ¼ G 00 . Aer this point as the temperature increases G 0 < G 00 and the material behavior more viscous. This cross over parameter, dened as the temperature when G 00 is equal to G 0 increases for more severe aging as a result of hardening effects. 16 In the present study, a conventional reference frequency of 1.59 Hz (10 rad s À1 ) was set for calculation purposes. An increase of the crossover temperature indicates that the elastic part of the complex modulus is dominant up to higher temperatures. Fig. 4 shows the evolution of the crossover temperature with aging for binders B502 and B504.
The bar chart shown in Fig. 4 indicates that there is an increase of the crossover temperature with aging. In addition it corroborates the ndings based on the RAI supporting the hypothesis that binder B504 is less age susceptible with lower crossover temperature changes in comparison to binder B502 in all aging states. For example at the maximum aging state of C_163 which is aer RTFOT at 163 C and PAV the crossover temperature of B504 is 11.81C whereas that of B502 is 24.16C. This shows that in comparison to virgin state with the crossover temperature of 3.26 and 7.52, B502 shows a greater increase in the crossover temperature parameter. As shown in Fig. 5 , there is a good trend between the crossover temperature and the complex modulus at all aging states showing that materials with a higher crossover temperature display a stiffer behaviour with an exponential trend. The trend 
Chemical properties
4.2.1 GPC. The results of the GPC analysis for two representative types of bitumen within the larger scope of the study B501 and B504 are shown in Fig. 6 and 7 . The gures show the change in the UV signal over time reecting the size of the molecules at the investigated stages; namely at virgin, stage B and stage C. It is apparent from both gures that there is a change in the molecular size distribution aer aging. This shi towards larger molecular sizes is more severe with increase in temperature (123 vs. 163) and aging stage (RTFOT vs. RTFOT + PAV). Generally, the reason for GPC curve shis can be twofold: (1) the bitumen has aged and therefore oxidized or (2) the bonds were damaged through a chemical or physical event. It was shown by Wang et al. that in the case the binder is unmodied, the molecules of the asphalt gradually transform into larger molecules during aging. 27 When the binder is SBS modied, two peaks are observed, one for the modier which has bigger molecular weight and one for the smaller molecular substances in asphalt. Fig. 6 and 7 display a large peak attributed to bitumen and a small shoulder whereby the large peak is broader for B504. Due to aging the shoulder increases in intensity indicating the gradual transformation into larger molecules as indicated above. The two binders clearly react differently to aging; B501 does not shown a clear difference between virgin and RTFOT at 123 whereas B504 already shows a distinct increase in the shoulder aer the rst aging state. These results corroborate other ndings in this study that the aging susceptibility can vary based on bitumen origin. In the present case the GPC results indicate that B504 was more aging susceptible.
4.2.2 FTIR. Fig. 8 and 9 show the FTIR spectra from one participating lab for the two binders B502 and B504 and close up of the sulfoxide and carbonyl bands respectively. From these diagrams the sulfoxide and carbonyl indexes are calculated based on the area method as described in Section 3. The carbonyl and sulfoxide indexes for both binders are shown in Fig. 10 and 11 . From the chemical information it is apparent that the two binders react distinctly different to aging. As shown in these gures, unlike B504, aer RTFOT ageing at 123 C binder B502 showed no visible increase in the carbonyl index, only aer PAV ageing, a distinct band for carbonyl structures could be detected. As for the sulfoxide index, all binder samples show absorbance in this band already in the unaged state. In some cases, the RTFOT at 123 C did not change ISO signi-cantly, whereas ISO increased for RTFOT at 163 C. As for PAV, there was an increase aer RTFOT at 123 C, as well as at 163 C.
The increase seems to be stronger with increasing RTFOT temperature. Thus, the data show that RTFOT temperature and therefore mix production temperature, i.e. short term aging, has a stronger impact on the formation of sulfoxide structures than on carbonyl structures. In addition, the long-term aged state aer PAV is affected by the short-term ageing temperature. This corroborated the ndings of Peterson 1 as stated earlier. It is worth noting that B504 displayed already a carbonyl peak at the non-aged stage, meaning that oxidation and aging is not the only contributing factors for the carbonyl peak and thereby the index. A possible cause of the carbonyl peak at virgin state is the common industry fabrication practice to blend different grades of bitumen to obtain a third grade. For example mixing a harder bitumen with soer bitumen. This will cause a high carbonyl index in virgin state. For this particular source the cause is the typical spectrum from naphthenic bitumen, it contains naphthenic acid that appears in ketone.
Combining ICO and ISO as in eqn (7) to deliver a chemical aging index shown in Fig. 10 and 11 allows comparing the two binders in terms of their combined chemical susceptibility to aging. Considering the CAI of B502; aer short-term aging it went from 2.4% to 4.2% (123 C) and 9.8% (163 C) and that of B504 went from 3.9% to 4.2% (123 C) and then to 8.4% (163 C)
it can be observed that B502 was more susceptible to short-term aging. On the other hand, CAI of B502 went from 9.8% to 9.6% (163 C) aer long-term aging whereas B504 went from 8.4% to 9.1%, indicating that B504 was more susceptible to long-term aging, corroborating the GPC results. At 123 C B502 was less aged than B504 with CAI ¼ 4.4% vs. 5.8%, whereas the opposite was observed when aging temperature of 163 C was used: CAI ¼ 9.6 vs. 9.1. These results show that B504 was less chemically aged that B502 at the higher temperatures. Furthermore, results indicate the importance of considering both types of aging as the short term and long term aging susceptibility can be temperature and binder dependent.
Chemo mechanical coupling
The Chemical Aging Index (CAI) is plotted vs. the Rheological Aging Index (RAI) in Fig. 12 . As can be seen from these plots an exponential relationship between the two can be established. A reasonable correlation coefficient R 2 ¼ 0.79 for B504 (Fig. 12b) shows a much better trend between the chemical aging and rheological aging in comparison to a weak correlation for B502 ( Fig. 12a) with an R 2 ¼ 0.12. The lower R 2 of B502 of course affects the overall R 2 ¼ 0.24 when all data is plotted (Fig. 12c) .
These results conrm the fact that the two binders react differently to the same aging procedures as it was seen in the results presented in the previous sections.
Conclusions
Using a chemo-mechanical approach the effect of short-term aging temperature on long-term properties of binders was investigated. For the chemical analysis FTIR and GPC and for the physical/mechanical analysis complex shear modulus from DSR were used. A rheological aging index calculated from the area under the G* master curves and a chemical aging index combining the carbonyl and sulfoxide indexes was used. Two binders with the same penetration grade but from different sources were short term aged using RTFOT and thereaer long term aged using PAV. The results show that depending on the binder source aging sensitivity can differ signicantly. The rheological aging index showed that different binders react differently to aging and some are more "aging resistant". Reduced RTFOT aging temperature has a signicant effect on RTFOT and PAV aging as determined by the rheological aging index RAI. There is a good trend between the crossover temperature (phase angle ¼ 45 ) and the complex modulus. The chemical investigations using FTIR has shown that mix production temperature has a stronger impact on the formation of sulfoxide structures than for carbonyl structures. The longterm aged state aer PAV is affected by the short-term ageing temperature. These results show the importance of considering both types of aging as the short term and long term aging susceptibility do not always follow the same trend. Depending on the binder there can exist a reasonable correlation between the rheological aging and chemical aging. The results of this study conrm that lower short term aging temperatures can be benecial in reducing the long term aging of bitumen. This aspect should be considered in simulating aging of reduced temperature mixtures in the laboratory and further standardization of such procedures.
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